The transcription repressor BCL6 plays an essential role in the formation and function of germinal centers (GCs). While normal B cells promptly shut off BCL6 when they exit the GC, many GC-derived B-cell lymphomas sustain BCL6 expression through chromosomal translocations and activating mutations. We have previously shown that a common effect of lymphoma-associated BCL6 gene alterations is to bypass a negative autoregulatory loop that controls its transcription. In this study, we report that BCL6 autoregulation is independent of several known corepressor complexes including silencing mediator for retinoid and thyroid hormone receptors, nuclear receptor coreceptor, BCL6 corepressor, and MTA3/NuRD. Furthermore, we show that BCL6 can interact with the CtBP (C-terminal binding protein) corepressor both in vitro and in vivo and that CtBP is recruited by BCL6 to its 5 regulatory region. In lymphoma cell lines carrying BCL6 translocations, small interfering RNA-mediated CtBP knock-down selectively relieved the previously silenced wild-type BCL6 allele but not the translocated alleles, which are driven by heterologous promoters. These results demonstrate that CtBP is a novel BCL6 corepressor and suggest that a unique corepressor requirement for BCL6 autoregulation may allow GC B cells to differentially control the expression of BCL6 and other BCL6 target genes in response to environmental stimuli during the GC stage of B cell development.
BCL6 is a sequence-specific transcription repressor that is required for the formation of germinal centers (GC), and its deregulated expression underlies development of many GCderived B-cell lymphomas (12, 44, 47) . Expression of BCL6 is developmentally regulated such that in the B-cell lineage, high levels of BCL6 are restricted to the GC stage. GC are dynamic and specialized structures in the secondary lymphoid organs within which B cells undergo immunoglobulin class switch recombination and somatic hypermutation to produce diverse, high-affinity antibodies (17, 26) . Widely considered to be the master regulator of the GC stage of B-cell development, BCL6 maintains the GC-specific gene expression program by silencing genes involved in B-cell activation (CD69, CD80, and NF-B1), response to DNA damage (TP53 and ATR), cell-cycle regulation (CCND2, CDKN1B, and CDKN1A), and plasma cell differentiation (PRDM1) (25, 29, 34, 37, 38, 40, 41) . Thus, neither the memory nor the plasma cell differentiation program can be initiated until expression and activity of BCL6 are extinguished by GC exit signals.
BCL6 is a 95-kDa phosphoprotein with six Krüppel-type zinc fingers (ZF) at the C terminus and an N-terminal POZ/BTB domain. Our earlier work demonstrated that the maximum repression activity of BCL6 requires the entire POZ/BTB domain as well as a separate middle region, repression domain II (RDII) (7) . To date, a variety of BCL6 corepressors have been described. Among the corepressors with well-documented in vivo functions, nuclear receptor coreceptor (NCoR), silencing mediator for retinoid and thyroid hormone receptors (SMRT), and BCL6 corepressor (BCoR) are recruited through the POZ/BTB domain while the central RDII region can interact with histone deacetylase 2 (HDAC2) and MTA3, which is a cell-type-specific component of the Mi-2/NuRD complex (8, 13-15, 19, 20, 24, 27, 49) . Structural studies revealed that SMRT, NCoR, and BCoR all bind to a lateral groove in the POZ domain through a stretch of 17 amino acids (1) . Using a cell-permeable BCL6 peptide inhibitor, BPI, designed to block POZ lateral groove corepressor recruitment, we have shown that SMRT/NCoR/BCoR control cell proliferation and survival in GC-derived B cells by mediating BCL6-dependent repression of genes such as ATR, TP53, and CDKN1A (32, 35, 37) . The RDII corepressors, HDAC2 and MTA3/NuRD, bind to BCL6 in an acetylation-sensitive manner and are dissociated from BCL6 when the KKYK motif within RDII is acetylated (4, 15) . MTA3/NuRD-dependent BCL6 target genes include PRDM1, and MTA3 is indispensable for the ability of BCL6 to inhibit plasma cell differentiation (15, 32) . Unlike the lateral groove corepressors, MTA3 does not contribute to BCL6-mediated repression of ATR, TP53, and CDKN1A, and MTA3 depletion induces differentiation but not cell death in GCderived B cell lines (32) . These findings allude to functional separation of BCL6 repression mechanisms, particularly, differential utilization of corepressor complexes for target genes involved in different biological processes.
Aside from its important roles in the normal immune system, BCL6 is also the most frequently altered proto-oncogene in non-Hodgkin's lymphomas, the majority of which derive from normal GC B cells (22) . The most common form of non-Hodgkin's B cell lymphomas is called diffuse large B cell lymphoma (DLBCL). In nearly half of DLBCLs, BCL6 expression is deregulated by chromosomal translocations and "activating" point mutations that target the 5Ј regulatory region of this gene (33, 42, 46) . We along with others have previously demonstrated that the BCL6 protein uses clustered BCL6 binding sites in the noncoding exon 1 to repress its own transcription and that both chromosomal translocations and activating mutations allow lymphoma cells to bypass this negative autoregulation mechanism (33, 42) . A causative role for BCL6 in the pathogenesis of DLBCL has been subsequently demonstrated using mouse models that recapitulate the translocated BCL6 gene found in human DLBCL patients (3, 6) . Despite its apparent functional importance, the mechanistic details including corepressor requirement for BCL6 autoregulation are not known.
In this study, we identify CtBP as a novel corepressor for BCL6. The CtBP family of proteins consists of evolutionarily conserved transcriptional corepressors (9) . An increasing number of POZ-and ZF-containing transcription factors have been reported to use CtBP as their corepressors, including the human HIC1 and Drosophila Tramtrack 69 (Ttk69) proteins (11, 43) . We show that BCL6 can directly bind to human CtBP1 and recruit it to a number of BCL6 transcriptional targets including the promoter region of BCL6. Our data indicate that neither the lateral groove corepressors nor MTA3/NuRD contributes to BCL6 negative autoregulation. In contrast, small interfering RNA (siRNA)-mediated knock-down experiments revealed that CtBP1 alone among known BCL6 corepressors is required for BCL6 autoregulation and that CtBP1 can also contribute to repression of several other BCL6 targets. Thus, our findings also provide a striking example of promoter-specific corepressor usage by BCL6.
MATERIALS AND METHODS
Cell culture. 293T cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillinstreptomycin (Gibco). The pre-B human leukemia cell line 697 was maintained in RPMI 1640 medium plus 10% FBS and 1% penicillin-streptomycin. All other human B cell lines were maintained in Iscove's modified Dulbecco's medium plus 10% FBS and 1% penicillin-streptomycin.
Plasmids. The luciferase reporters are pLA/s5 for BCL6 (provided by Riccardo Dalla-Favera), HBM-Luc for c-Myc (provided by Linda Penn), pGL3-hBlimp-1 for PRDM1 (provided by Alexander Dent), and pGL2-hMCP1(Ϫ2910) for MCP1 (provided by Anthony J. Valente). To construct the pGL3-hCyclinD2 reporter, a 1.4-kb region of CCND2 was PCR amplified from human placental DNA using the forward primer 5Ј-CTAGCTAGCGGTCTCTCCCCTTCCTCC T-3Ј and reverse primer 5Ј-GGAAGATCTGGTCCTCCCCTTAAAACTGG-3Ј and cloned into the NheI and BglII sites of the pGL3 vector after restriction digestion. The synthetic BCL6 reporter, B6BS-tk-Luc (where tk is thymidine kinase and Luc is luciferase), and the expression plasmids pMT2T-HA-BCL6, pMT2T-HA-⌬POZ, pMT2T-HA-⌬ZF, pMT2T-HA-ZF, pMT2T-HA-⌬PEST, GST-BCL6, CMV-SMRT, and pBCL6FL_dbQC (where HA is hemagglutinin, GST is glutathione S-transferase, and CMV is cytomegalovirus) were previously described (7, 30) . The other BCL6 deletion constructs used in Fig. 4 were generated by PCR-based approaches and verified by sequencing. pME18S_FlagHDAC2 and pMT2T-HA-QQYQ were also gifts from Riccardo Dalla-Favera. pCMV5-Flag-CtBP was generated from pCMV5-Flag-CtBP(K428R), a gift from David Wotton, using a QuikChange Site-Directed Mutagenesis Kit (Stratagene). Both pCS2(6X)MycCtBP1 and CtBP2 were provided by Douglas Dean. pMT2T-HA-BCL6 cmpd and pcDNA3-Flag-BCL6 Cmpd were generated from pBCL6FL_dbQC and pMT2T-HA-QQYQ using restriction-based subcloning.
BMM and retroviral infection. Methods for in vitro differentiation of bone marrow-derived macrophages (BMM) and retrovirus-mediated transfection were described previously (48) . In brief, the mouse stem cell virus-based retroviruses were packaged in 293T cells, and the resulting supernatants were used to infect day 6 BMM. Two days after infection, green fluorescent protein-positive (GFP ϩ ) cells were sorted by FACSVantage SE (BD Biosciences) and lysed in Trizol (Invitrogen) for total RNA preparation.
Transient transfection-mediated reporter assays. Transient transfections were performed using Superfect reagent (Qiagen) for 293T and Mutu III cells accord-ing to the manufacturer's instructions with the following modification: 3 l of Superfect reagent was used for each 12-well plate of 293T cells, and 8 l of Superfect reagent was used for each 12-well plate of Mutu III cells. Two micrograms of luciferase reporter and 2 g of a CMV-␤-galactosidase plasmid were transfected with various amounts of effectors ranging from 0.02 to 0.1 pm/plate (see Fig. 2A ) and 0.1 to 0.5 pm/plate (see Fig. 2B ). All transfections were performed in duplicates and harvested 48 h later. Luciferase activities were measured using a luciferase assay system (Promega) and normalized by activities from the cotransfected control ␤-galactosidase plasmid.
Treatment with BPI. Cell-permeable peptides (BPI and its control pTAT) were synthesized by Bio-Synthesis, Inc., and stored at Ϫ20°C until reconstituted with sterile water immediately before use. Purity of the peptides was determined by high performance liquid chromatography-mass spectrometry to be 98% or higher. DLBCL cells were exposed to 4 M BPI or pTAT for 8 h before being harvested for Trizol-based total RNA extraction.
RNA interference-mediated knockdown. All the siRNA oligonucleotides were synthesized by Dharmacon. CtBP siRNA 1 is the Dharmacon SMART pool for human CtBP1 (catalog number M-008609-01). The target sequence for customdesigned CtBP siRNA 2 is GGAGGACCUGGAGAAGUUdTdG (50) . Scramble II Duplex was used as a control. For each transfection, 8 million log phase growth cells were transfected with 10 g of siRNA oligonucleotides using Amaxa Nucleofector solution T and program G16 (Amaxa Biosystems). The transfection efficiency, based on the use of an AlexaFluor 488-labeled control oligonucleotide, is typically between 90 to 95%.
Western blotting. Whole-cell lysates were prepared using NP-40 buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 0.25% Igepal CA630) or radioimmunoprecipitation assay (RIPA) buffer (4.55 mM Na 2 HPO 4 , 0.85 mM NaH 2 PO 4 , 50 mM Tris-HCl, pH 8, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1% Igepal CA630) supplemented with protease inhibitor cocktail (Roche) and analyzed by Western blotting according to standard procedures. Primary antibodies used in this study include anti-BCL6 (sc-858 and sc-368; Santa Cruz), anti-CtBP (sc-11390; Santa Cruz), anti-CtBP1 (612042; BD Transduction Labs), anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) (sc-25778; Santa Cruz), and anti-Flag (F1804; Sigma).
RT-PCR and real-time qRT-PCR. Total RNA samples were prepared using the Trizol reagent (Invitrogen). cDNA was synthesized using random primers and the Superscript II reverse transcriptase (Invitrogen). All PCRs were performed using Platinum Taq polymerase (Invitrogen) with serially diluted cDNA samples. Reverse transcription-PCR (RT-PCR) primers were the following: for mouse ␤-actin, 5Ј-TTGAGACCTTCAACACCCC-3Ј (forward [F]) and 5Ј-CAG TAATCTCCTTCTGCATCC-3Ј (reverse [R]); for mouse CCL3, 5Ј-AGATTCC ACGCCAATTCAT-3Ј (F) and 5Ј-GTGAACAACTGGGAGGGA-3Ј (R). For quantitative RT-PCR (qRT-PCR), the total RNA was purified with an RNeasy Mini Kit (Qiagen). The levels of transcripts were detected by Sybr Green (Applied Biosystems) on an Opticon 2 thermal cycler (MJ Research). We normalized gene expression to hypoxanthine phosphoribosyltransferase and expressed values relative to control using the ⌬⌬C T (where C T is threshold cycle) method. The primers are the following: for wild-type (wt) BCL6 transcripts only, 5Ј-TCTAG GAAAGGCCGGACAC-3Ј (F) and 5Ј-AATGCCTTGCTTCACAGTCC-3Ј (R); for the BCL6 open reading frame, 5Ј-GACTCTGAAGAGCCACCTGC-3Ј (F) and 5Ј-CTGGCTTTTGTGACGGAAAT-3Ј (R); for CCL3, 5Ј-GGTCTCCACT GCTGCCCTTGC-3Ј (F) and 5Ј-GGAATCTGCCGGGAGGTGTAGC-3Ј (R); for CD69, 5Ј-AGCCCAAAATGCTTGTTCTG-3Ј (F) and 5Ј-TTCCTCTCTAC CTGCGTATCG-3Ј (R); for CCND2 5Ј-CCGGACCTAATCCCTCACTC-3Ј (F) and 5Ј-CACACCGATGCAGCTTTCTA-3Ј (R); for TP53, 5Ј-CTTTGAGGTG CGTGTTTGTG-3Ј (F) and 5Ј-TCTTGCGGAGATTCTCTTCC-3Ј (R); for PRDM1, 5Ј-GTACACACGGGAGAAAAGCC-3Ј (F) and 5Ј-TCTTGAGATTG CTGGTGCTG-3Ј (R); for HPRT, 5Ј-AAAGGAACCCCACGAAGTGTT-3Ј (F) and 5Ј-TCAAGGGCATATCCTACAACAA-3Ј (R).
GST-pull down and Co-IP assays. The procedure for GST-pull down was previously described (8) . For coimmunoprecipitation (Co-IP), transfected 293T cells were lysed in NP-40 buffer supplemented with 0.6 mM N-ethylmalemide and protease inhibitors. Approximately 1 mg of lysate was diluted 1:10 with NP-40 buffer without N-ethylmalemide before it was precleared with protein G-agarose beads (Sigma) for 30 min at 4°C. The lysates were then incubated with 40 l of anti-Flag M2 affinity gel for 3 h at 4°C. Immunocomplexes were recovered by brief centrifugation and washed three to four times with NP-40 buffer supplemented with protease inhibitors. Immunocomplexes were eluted from the beads by adding 100 l of NP-40 buffer containing Flag peptide at 150 g/ml and incubating at 4°C for 30 min. The recovered supernatants were boiled in 1ϫ SDS loading buffer before being used for Western blotting. For endogenous Co-IP, 40 million Ly7 or Mutu III cells were lysed in 500 l of cold RIPA buffer supplemented with protease inhibitor cocktail (Roche) and 2 mM fresh dithiothreitol, 5 mM sodium orthovanadate, 50 mM sodium fluoride, and 10 mM ␤-glycerophosphate. After a preclearing step as described above, the lysates were incubated with 2 g of anti-BCL6 (sc-858; Santa Cruz), anti-STAT1 (G16930; Transduction Labs), or anti-BCL3 (sc-185; Santa Cruz) antibodies for 3 h at 4°C followed by the addition of 50 l of protein A agarose beads (RepliGen) and another 1-h incubation at 4°C. The beads were collected by brief centrifugation and washed four times with cold RIPA buffer supplemented as above. Washed beads were boiled in 50 l of 1ϫ SDS loading buffer and used for Western blotting.
ChIP and ChIP-on-chip assays. Chromatin IP (ChIP) was carried out as previously described using a ChIP assay kit (Upstate biotechnology) (42) . A total of 20 million cells were used for each reaction; chromatin was sheared to an average length of 600 bp; 2 g of the anti-BCL6 N3 antibody, anti-CtBP antibody, normal rabbit immunoglobulin G (all from Santa Cruz), or anti-MTA3 (a gift from Paul Wade) was used. DNA sample recovered from each ChIP reaction was used for PCR with the following primers to amplify BCL6 exon 1 region: BCL6-e1, 5Ј-GGGTTCTTAGAAGTGGTGATGC-3Ј; and BCL6-i2, 5Ј-TGGG ACTAATCTTCGGCATT-3Ј. To trace the allelic source, PCR products were subjected to EcoNI digestion prior to loading on 1.5% agarose gels. Gel images were analyzed by the ImageQuant software. For ChIP-on-chip analysis, BCL6, CtBP, or ␤-actin, ChIP products and their respective input genomic fragments were amplified by ligation-mediated PCR (31). Real-time PCR was performed again at this stage for selected positive control loci to verify that the enrichment ratios were retained. The genomic products of two biological ChIP replicates were labeled with Cy5 (for ChIP products) and Cy3 (for input) and cohybridized on custom-designed genomic tiling arrays generated by NimbleGen Systems. These high-density tiling arrays contain 50-residue oligonucleotides with an average overlap of 25 bases, omitting repetitive elements. Included in the arrays were genomic regions containing BCL6 (chr3: 188921082 to 188954417; size, 33,336 bp), TP53 (chr17: 7510832 to 7546927; size, 36,096 bp), CD69 (chr12: 9792142 to 9813738; size, 21,597 bp), CCL3 (chr17: 31438320 to 31445602; size, 7,283 bp), CCND2 (chr12: 4241461 to 4290594; size, 49,134 bp), PRDM1 (chr6: 106632981 to 106670412; size, 37,432 bp), GAPDH (chr12: 6513004 to 6518751; size, 5,748 bp) according to the human genome May 2004 assembly. After hybridization, the relative enrichment for each probe was calculated as the signal ratio of ChIP to input. Peaks of enrichment for each antibody relative to input were captured with a five-probe sliding window, and the results were uploaded as custom tracks into the University of California Santa Cruz genome browser and graphically represented as histograms. The cutoff threshold, represented as opaque horizontal masking windows in Fig. 6B , is defined as 2.5 times the standard deviation above the average relative enrichment on the entire array. Peaks involving five or more oligonucleotide probes above this threshold were considered positive hits.
RESULTS
A BCL6 POZ/RDII compound mutant fails to recruit corepressors or repress a BCL6 target gene. In order to uncover novel aspects of BCL6 repression with respect to corepressor usage, we constructed a mutant form of BCL6 which is incapable of interacting with several known corepressors ( Fig. 1A ). This construct, BCL6 Cmpd , is a composite of two mutants that have been previously described. Specifically, it carries two point mutations in the POZ domain, N21K/H116A, which abrogate binding to SMRT/NCoR/BCoR (1) and a mutated acetylation motif, QQYQ, that significantly decreases binding to HDAC2 and the MTA3 subunit of the NuRD complex (4, 15) . To verify whether BCL6 Cmpd is in fact deficient in its ability to recruit known corepressors, we performed Co-IP assays with transiently transfected 293T cells. SMRT and HDAC2 were chosen as representative corepressors whose binding to BCL6 should be impaired by the mutations carried in the POZ and RDII domains, respectively. As expected, when SMRT was . Similarly, when Flag-HDAC2 was coexpressed with HA-tagged BCL6 expression vectors, HA-BCL6 Cmpd showed significantly reduced binding to HDAC2 compared to HA-BCL6 (Fig. 1B, compare lanes 11 and l2) . We have also determined by gel shift assays that BCL6 Cmpd possesses intact DNA binding activity (data not shown).
To make an initial inquiry as to whether BCL6 Cmpd is indeed compromised in its ability to repress BCL6 target genes in vivo, we turned to BMM. There are a number of well-characterized BCL6 target genes in BMM, and these cells can be derived from BCL6 knockout mice whereas GC B cells are completely absent in these animals. Through retrovirus-mediated reconstitution, we expressed either wt BCL6 or BCL6 Cmpd in BCL6 Ϫ/Ϫ BMM and compared their ability to suppress the BCL6 target gene, CCL3. As a control, wt BMM were similarly infected. Semiquantitative RT-PCR was used to assess CCL3 expression levels in GFP ϩ cells, purified by fluorescence-acti-vated cell sorting. As shown in Fig. 1C , CCL3 was expressed at a very low level in wt BMM but markedly upregulated in BCL6 Ϫ/Ϫ BMM. Reconstitution of BCL6 Ϫ/Ϫ cells with wt BCL6 readily silenced CCL3; reconstitution with BCL6 Cmpd , on the other hand, only led to slightly reduced CCL3 expression. These observations indicate that BCL6 Cmpd is, in fact, deficient in repression of an endogenous target gene as predicted by its known biochemical properties.
BCL6 autoregulation demonstrates distinct corepressor requirement compared to other targets. To further characterize the repression activity of BCL6 Cmpd , we compared and contrasted its ability to repress a series of natural target promoters using 293T-based reporter assays. A synthetic BCL6 reporter, B6BS-tk-Luc, which contains a consensus BCL6 binding site linked to the tk200 promoter was also tested. These assays demonstrated that transcription from the B6BS-tk-Luc, c-Myc, PRDM-1, MCP-1, CCND2, and BCL6 promoters was significantly inhibited by wt BCL6, resulting in a 3-to 10-fold loss of activity ( Fig. 2A ). In comparison, BCL6 Cmpd was almost completely inactive on four of the reporters (i.e., B6BS-tk-Luc, c-Myc, PRDM-1, and CCND2) and caused only weak repres-FIG. 2. BCL6 autoregulation has a distinct corepressor requirement. (A) BCL6 Cmpd potently repressed transcription from the BCL6 reporter but had limited activity on a number of other target gene reporters. Reporter assays were performed 293T cells with the indicated reporter constructs and increasing amounts of either wt BCL6 (wt) or BCL6 Cmpd (Cmpd) expression plasmids. Activity of all reporters in the absence of BCL6 was set to 100. (B) Reporter assays were performed similar to those described in panel A but in the BCL6-negative Mutu III cells. (C) BPI treatment of SUDHL6 cells derepressed the expression of CCL3 but not BCL6. qRT-PCR was performed using primers specific for the three indicated genes. ␤2M, a gene not known to be regulated by BCL6, was examined as a specificity control. For each gene analyzed, the increase is relative to untreated cells. pTAT is a control peptide with only the carrier sequence. All graphs in this figure represent means and standard deviations of triplicate tests.
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at ALBERT EINSTEIN COLL OF MED on March 7, 2008 mcb.asm.org sion on the MCP-1 promoter. The only exception was the BCL6 promoter construct, which in marked contrast to other reporters was repressed by BCL6 Cmpd to a similar level as wt BCL6, suggesting that BCL6 Cmpd might still retain the ability to mediate negative autoregulation. These results cannot be attributed to aberrant protein expression of BCL6 Cmpd because this mutant and the wt constructs were expressed at similar levels in 293T cells (compare lanes 1 and 2 in Fig. 1 and Fig. 3 ). A number of additional BCL6 target gene reporters including mouse interleukin-6 were also tested, all of which failed to be repressed by BCL6 Cmpd (data not shown).
To validate our observations made in 293T-based reporter assays, we turned to mature B cells, a cellular context relevant to GC biology and lymphomagenesis. Two experimental strategies were employed to evaluate the contributions of lateral groove corepressors or HDAC2/MTA3 to BCL6 autoregulation. First, we compared the activity of BCL6 and BCL6 Cmpd in reporter assays performed in the BCL6-negative Mutu III B cells (Fig. 2B) . Our results showed that on the BCL6 reporter, both wt BCL6 and BCL6 Cmpd exhibited substantial inhibitory activity although the latter is slightly compromised compared to wt BCL6. On the CCND2 reporter, however, BCL6 Cmpd showed little repression activity whereas wt BCL6 repressed this reporter by 70%. Thus, the reporter assays in Mutu III cells produced results identical to those obtained in 293T cells.
Transiently transfected plasmids may not adopt the same chromatin structure as endogenous genes, which could limit the significance of reporter assay results. To address this issue, we evaluated the response of the endogenous BCL6 gene to the POZ lateral groove corepressor blocking peptide, BPI. We have previously shown that BPI treatment can derepress a number of BCL6 target genes in mature B cell lines (35) . BCL6-positive SUDHL6 cells were treated with BPI and assayed for changes in BCL6 expression by qRT-PCR. As shown in Fig. 2C, CCL3 mRNA was up-regulated by sixfold following BPI treatment while the BCL6 mRNA level remained unchanged, as was the expression of the negative control gene, ␤2M. Similarly, it was previously shown that the level of BCL6 mRNA is insensitive to MTA3 siRNA (15) . Thus, BCL6 autoregulation appears to require neither the lateral groove corepressors nor MTA3/NuRD. One possible explanation is that BCL6 autoregulation works through a competitive mechanism in which mere occupancy of the exon 1 BCL6 binding sites by the BCL6 protein is sufficient to preclude binding by transcription activators such as the STAT proteins (2) . However, this model is not supported by our results showing that the BCL6 DNA binding domain alone is insufficient to mediate autoregulation in reporter assays (data not shown). Taken together, these observations suggest that BCL6 autoregulation requires a novel corepressor.
CtBP interacts with wt BCL6 and BCL6 Cmpd . In search for novel BCL6 corepressors, we turned our attention to a previous study of the Drosophila POZ-containing protein, Ttk69, which genetically interacts with Drosophila CtBP to specify cell fate in the developing Drosophila eye (43) . Because the POZ domain of Ttk69 physically interacts with Drosophila CtBP and this domain can be functionally replaced by that from human BCL6, we asked whether mammalian CtBP1 could be a novel BCL6 corepressor fulfilling the unique corepressor requirement for BCL6 autoregulation. First, we performed Co-IP experiments in transiently transfected 293T cells to determine whether the two proteins associate in vivo. As shown in Fig.  3A , HA-BCL6 was efficiently coprecipitated with Flag-CtBP1 (lane 5). Likewise, Myc-CtBP1 also coprecipitated with Flag-BCL6 (Fig. 3B, lane 4) . Of note, BCL6 Cmpd demonstrated a comparable ability to complex with CtBP1 as does its wt counterpart in these assays (Fig. 3A, lane 6, and B , lane 5). CtBP1 also interacts efficiently with a BCL6-RDII KKYR mutant (data not shown), suggesting that the status of the KKYK motif does not influence the interaction between BCL6 and CtBP1 as it does that of BCL6 and HDAC2/MTA3. The fact that CtBP1 is able to bind to BCL6 Cmpd makes it an attractive candidate to support BCL6 autoregulation.
To further characterize the interaction between BCL6 and CtBP1, we used both GST pull-down and 293T-based Co-IP assays. Our results are schematically summarized in Fig. 4A . In GST pull-down assays, interaction was consistently detected between full-length BCL6 and CtBP1, indicating that the two proteins are capable of direct binding (Fig. 4B ). We consider this interaction to be specific because it persisted in high-salt wash solution (400 mM NaCl), and no interaction was ever detected between CtBP1 and GST alone. Next, we performed Co-IP experiments in 293T cells using a large panel of BCL6 deletion mutants to delineate the BCL6 domain(s) involved in binding to CtBP1. Our results indicated that the BCL6 ZF domain was dispensable for this interaction because the ZF mutant showed no detectable binding to CtBP1 (Fig. 4C, lanes  13 and 19) showed robust binding (lanes 15 and 21). As to the contribution by the RDII region, binding of ⌬PEST to CtBP1 was very comparable to that of the full-length BCL6 (compare lane 2 to 4 in the input panel and lane 7 to 9 in the IP panel) while the RDII domain on its own showed a rather weak interaction (lanes 5 and 10). Taken together, these results suggest that the BCL6 POZ domain serves as the primary interaction interface between BCL6 and CtBP1 while the RDII domain makes a minor contribution. Not only is this interpretation in line with the previous Drosophila work (43) , it may also explain our observation that CtBP1 binding to BCL6 is unaffected by an acetylated RDII (Fig. 3) . CtBP physically interacts with BCL6 in GC-derived mature B cells. Because BCL6 autoregulation was initially characterized in DLBCL cell lines and its importance has been shown for the pathogenesis of DLBCL, we carried out a series of experiments to determine the role of CtBP in BCL6 negative autoregulation in DLBCL cells. First, we examined the expression pattern of CtBP using a panel of cell lines representing different stages of B-cell development (Fig. 5A) . The pre-B and plasma cell stages are represented by 697 and H929, respectively; the other cell lines are GC-derived mature B-cell lines. With the exception of Mutu III, which is an Epstein-Barr virus-positive Burkitt's lymphoma cell line, the rest are DLBCL cell lines. Western blot analysis showed that the DLBCL cell lines vary in their levels of BCL6, largely reflecting the stage of B-cell development. The levels of CtBP also vary in these cells such that there appears to be a loose, inverse correlation between the two proteins. We have also determined that BCL6 and CtBP are coexpressed in two types of primary GC B cells, centroblasts and centrocytes, isolated from reactive human tonsils (Fig. 5A, bottom panel) . To determine whether endogenous BCL6 and CtBP interact in B cells, Co-IP assays were performed in one of the DLBCL cell lines, Ly7. CtBP was only recovered in the precipitates using the anti-BCL6 antibody but not the control antibodies against two other transcription factors, BCL3 and STAT1 (Fig. 5B, top  panel) . To exclude the possibility that the BCL6 antibody cross-reacted with CtBP, a control experiment was carried out in parallel using the BCL6-negative Mutu III cells. As expected, although CtBP1 is abundantly expressed in Mutu III, it was not recovered by any of the antibodies used in this experiment (Fig. 5B, bottom panel) . These results indicate that in GC-derived mature B cells, a fraction of endogenous CtBP and BCL6 is associated in a complex. Of note, because both CtBP1 and the highly homologous CtBP2 can interact with BCL6 in GST pull-down assays ( Fig. 4B and data not shown) and because we cannot exclude the possibility that the anti-CtBP1 antibody cross-reacts with CtBP2, the BCL6 corepressor activity detected in this study can be potentially attributable to both CtBP proteins.
CtBP is associated with BCL6 in the BCL6 promoter region and a subset of other BCL6 target loci. In negative autoregulation, BCL6 docks to clustered BCL6 binding sites in its exon 1 to repress its own transcription. We have devised an assay to decipher autoregulation-specific DNA binding in Ly1 cells, where BCL6 preferentially binds to the wt allele with intact BCL6 sites over the mutant allele that harbors a point mutation in the high-affinity BCL6 site (42) . Specifically, in a pool of DNA fragments obtained from a given ChIP assay, those derived from the mutated allele are shortened by EcoN1 digestion while those derived from the wt allele are spared (Fig. 6A , left panel). Using this allele-specific ChIP method, we found that not only is CtBP associated with the exon 1 region of the endogenous BCL6 gene, but, like the BCL6 protein, it also preferentially occupies the wt allele (Fig. 6A, middle and right  panels) . In further support of BCL6-dependent CtBP recruitment, we found that neither BCL6 nor CtBP is bound to the exon 1 region in the BCL6-negative Mutu III cells (Fig. 6A,  middle panel) .
Given that CtBP can interact with BCL6 in vivo and be recruited to the BCL6 promoter region, we expanded our CtBP ChIP analysis to additional BCL6 target genes. To this end, we hybridized ChIP-enriched DNA fragments to a densely tiled custom oligonucleotide microarray covering the genomic loci of a number of known BCL6 target genes and GAPDH (negative control). We performed duplicate ChIP experiments using antibodies for BCL6 and CtBP, hybridized the enriched DNA fragments to the arrays, and assessed the enrichment relative to input chromatin to identify sites of specific association. As expected, among the six target genes showing specific BCL6 enrichment is BCL6 (Fig. 6B) . Interestingly, although there was very strong and colocalized BCL6 and CtBP enrichment over the exon 1/promoter region (Fig. 6B , orange triangle in the BCL6 panel), thus confirming the conventional ChIP data shown in Fig. 6A , a number of additional BCL6 and CtBP peaks were also present in the 5Ј regulatory region as well as the first intron. This widespread pattern of BCL6 enrichment was also observed in the Ramos cell line that has a wt BCL6 gene (data not shown). Thus, although prior studies have indicated that only the clustered exon 1 BCL6 sites are critical for autoregulation, multiple sites throughout the BCL6 locus can be used to target binding of BCL6 and CtBP. Colocalized CtBP and BCL6 signals were also detected in three other BCL6 target genes, namely, CCL3, TP53, and PRDM1. In the PRDM1 locus, very robust BCL6 enrichment and a colocolized CtBP peak were detected in the third intron where BCL6 binding was shown previously (32, 40) . There were additional, BCL6-independent CtBP signals in the PRDM1 promoter region and the fourth intron. We have confirmed binding of BCL6 and CtBP to the promoter regions of BCL6, CCL3, TP53, and the third intron of PRDM1 by single-locus quantitative ChIP (data not shown). There were also two genes that showed BCL6 occupancy without targeted CtBP recruitment. In the CD69 locus, although the BCL6 signals were strong, the CtBP enrichment did not reach the cutoff level. In the CCND2 locus, weak CtBP peaks were present at several positions; none of these, however, coincided with the BCL6 peak in the promoter region. Thus, CtBP is likely to be targeted to CCND2 by another sequence-specific transcription factor(s). Collectively, these ChIP studies demonstrate that, in addition to the BCL6 promoter region, CtBP is also recruited to a subset of other BCL6 target genes.
CtBP is required for BCL6 autoregulation in vivo. To directly address the functional contribution of CtBP to BCL6 autoregulation, we used siRNA to knock down endogenous CtBP in DLBCL cells and analyzed the resulting gene expression changes by qRT-PCR. Two of the four cell lines we used, Val and Ly8, carry BCL6 translocations such that the BCL6 coding region is fused to a heterologous promoter in one allele while the second allele remains in wt configuration (10, 45) . Compared to cells treated with the control siRNA oligonucleotide (Ctrli), 40 h after treatment with either one of the two CtBP siRNA oligonucleotides (CtBPi 1 and CtBPi 2), the levels of CtBP1 protein decreased by 75% or more (Fig. 7A) . As a result, expression of the wt BCL6 allele was upregulated five-to sevenfold in all three cell lines tested (Fig. 7B) . In comparison, the translocated (Fig. 7B, xlocated) BCL6 alleles in Val and Ly8 were largely unaffected. Combined with our ChIP results shown in Fig. 6 , these data indicate that while the . GAPDH was included as a loading control. Human centroblasts and centrocytes were purified by magnetic cell separation using the MidiMACS system (Miltenyi Biotechnology) following a published protocol (21) . (B) CtBP1 is present in a complex with BCL6 in the BCL6-positive Ly7 cells. Co-IP assays in Ly7 and Mutu III cells were carried out using an antibody for BCL6 or two control antibodies (BCL3 and STAT1). The presence of BCL6 and CtBP1 was examined in the precipitates by Western blotting (WB). In the BCL6-negative Mutu III cells, neither BCL6 nor CtBP was immunoprecipitated by the panel of antibodies we used although a weak band with similar migration to BCL6 was nonspecifically pulled down by both the BCL6 and the BCL3 antibodies wt BCL6 allele is controlled by a CtBP-mediated autoregulation mechanism, the translocated allele driven by a heterologous promoter is no longer subject to such regulation. To evaluate the role of CtBP in regulation of other BCL6 target genes, we also knocked down CtBP in Ly1 cells where the ChIP-on-chip study was conducted. Among the other three BCL6 target genes where CtBP is colocalized with BCL6, CtBP siRNA moderately upregulated PRDM1 and CCL3 (2.7and 2.8-fold, respectively) but did not affect TP53 expression.
As to the two genes showing no BCL6-directed CtBP recruitment, the mRNA changes caused by CtBP knock-down are likely to be CtBP related but BCL6 independent in the case of CCND2 and an indirect effect in the case of CD69.
DISCUSSION
Negative autoregulation is a central mechanism governing the expression and function of BCL6 in normal B cells and oncogenesis. Although a number of corepressor complexes have been shown to participate in BCL6-mediated gene silencing, the specific corepressor requirement for BCL6 autoregulation has not been addressed. We demonstrate in this study that BCL6 autoregulation operates independently of several known BCL6 corepressors and, instead, requires a novel cofactor, CtBP. Several lines of findings support this conclusion. (i) In reporter assays, the BCL6 Cmpd mutant, deficient in its ability to recruit the BBD corepressors as well as HDAC2 and MTA3/NuRD, retained nearly wt activity on the BCL6 promoter. (ii) Expression of the endogenous BCL6 gene was not affected by treatment with either the BPI peptide or, as reported by Fujita et al. (15) , by MTA3 shRNA. (iii) CtBP can physically interact with BCL6 both in vitro and in vivo, and this interaction is not compromised by mutations in BCL6 Cmpd . (iv) In BCL6-positive lymphoma B cells, CtBP wass recruited by BCL6 to the BCL6 exon 1/promoter region, and CtBP siRNA specifically derepressed the wt BCL6 allele but spared the translocated allele driven by heterologous promoters. Our results not only identify a novel corepressor for BCL6 but also substantiate a model in which corepressors are selectively used by BCL6 to regulate subsets of target genes and thus different cellular functions.
Although CtBP is uniquely required for BCL6 autoregulation, it is not the only corepressor recruited to the BCL6 IP/wt input)/(mut IP/mut input). The bar graph shows the means and standard deviations of two independent ChIP experiments. (B) Occupancy of BCL6 and CtBP at selected BCL6 target loci was examined by ChIP-on-chip analysis using a custom-designed high-density tiling array. A graphic view of BCL6 and CtBP binding was generated in the University of California Santa Cruz Web browser with the structure of the genes shown at the top of the histograms. Arrows indicate transcriptional orientation. In the BCL6 locus, the orange triangle indicates the exon 1 BCL6 binding sites studied in panel A. Opaque masking windows represent the cutoff defined as 2.5 times the standard deviation above the average relative enrichment on the entire array. promoter region. This region has been shown to be occupied by BCoR and even contains ubiquitylated histone H2A, indicative of the E3 ligase activity contained in the BCoR complex (16) . Our unpublished data indicate that BCL6 can also recruit SMRT, NCoR, and MTA3 to this region (data not shown). It appears that corepressors can be targeted to a given promoter without playing an active role in the maintenance of gene expression status. These observations imply that BCL6 autoregulation requires unique chromatin remodeling activities that are conferred by only CtBP but not other known BCL6 corepressors. In contrast to this selective requirement for one corepressor in BCL6 autoregulation, several BCL6 corepressors contribute to BCL6-mediated repression of the chemokine gene CCL3. It was previously reported that silencing of CCL3 in B cells depends upon the lateral groove corepressors as well as the MTA3/NuRD complex (15, 35) . Our CtBP siRNA experiment revealed that CtBP also contributes to repression of CCL3 (Fig. 7B ). CtBP alone, however, is inadequate because the BCL6 Cmpd mutant, with its intact capability to recruit CtBP, was unable to turn off CCL3 in BCL6 Ϫ/Ϫ BMM (Fig. 1C) . Thus, CCL3 appears to be an unusual BCL6 target in that its full inhibition requires multiple BCL6 corepressors, e.g., those binding to the POZ domain and RDII as well as CtBP. An example between these two extremes is the PRDM1 gene encoding Blimp-1, the master regulator of plasma cell differentiation. BCL6-mediated silencing of PRDM1 is insensitive to BPI treatment, critically dependent upon MTA3/NuRD (15, 32) , and partially responsive to CtBP siRNA (Fig. 7B ). Interestingly, in Ly1 cells, although CtBP was found to localize with BCL6 in the TP53 5Ј regulatory region, TP53 mRNA levels were unchanged following CtBP siRNA. Thus, the phenomenon of corepressor recruitment without apparent regulatory consequences may occur quite frequently although probably in a cell-type-and locus-specific manner. Taken together, our data suggest that BCL6 mediates transcriptional repression through multiple mechanisms even in the same cell type. These involve promoter context-dependent requirements for specific corepressors in the case of CtBP in BCL6 negative autoregulation and the lateral groove corepressors on TP53, promoter-specific combinatorial actions of corepressors such as CtBP and MTA3 on PRDM1, or all three on CCL3. Moreover, BCL6 can recruit additional corepressors such as ETO, which may contribute to repression of CCND2 (8) . Our ChIP-on-chip experiments demonstrate that BCL6 binding is variable in pattern and intensity between loci, which may further contribute to the complexity of the BCL6-dependent transcriptional program in B cells. Nevertheless, as discussed above, BCL6 autoregulation and differentiation-coupled control of PRDM1 expression offer two excellent model systems in which mechanistic details of BCL6-mediated transcription inhibition can be investigated in the future. Structural studies of the interaction between BCL6 and the lateral groove corepressors suggest that each BCL6 dimer can potentially bind to two such corepressors (SMRT, NCoR, and BCoR) at a time (1) . Since our data indicate that BCL6 binds to CtBP1 primarily through the POZ domain with a minor contribution from RDII, it raises the question whether a BCL6 dimer already in complex with CtBP can further engage one or more of the lateral groove corepressors (which are very large proteins) and/or the RDII corepressors (HDAC2 or MTA3/NuRD) and vice versa. Thus, one important issue that should be addressed in future studies is the stoichiometry and dynamics of assembled BCL6-corepressor complexes over a given target promoter where multiple corepressors are recruited, such as BCL6, CCL3, and PRDM1.
CtBP1 is unique among known BCL6 corepressors in that it appears to contact both the POZ domain and the RDII region of BCL6. Interestingly, BCL6 contains neither the typical PXDLS motif, which is present in many CtBP-binding transcription factors, nor the alternative RRT motif (RRTGXP PXL) found in a number of CtBP-interacting ZF proteins (28, 36) . Although the results of our GST pull-down experiment suggest that BCL6 and CtBP are capable of direct binding (Fig.  4B) , we cannot formally rule out the requirement for a third, bridging protein in vivo. Candidates for such a potential bridging molecule include HDAC2 and hPC2; both are core constituents of the CtBP1 complex (23, 39) . HDAC2 was previously shown to bind to BCL6 RDII (4) (Fig. 1B) , and we have found that BCL6 and hPC2 can readily interact in 293T cells (not shown). At the moment, the contribution of CtBP to BCL6-regulated immune functions is unknown. Knockout mouse models for the CtBP proteins have been described before (18) . While germ line CtBP2 inactivation results in embryonic lethality, CtBP1 knockout mice are viable although smaller in size, and some die by postnatal day 20. The impact of CtBP deficiency on B-cell functions in these animal models has not been reported.
For differentiation stage-specific transcription factors, like BCL6, coupling of their expression status to cell differentiation control is of critical importance. That the wt BCL6 allele is silent in lymphoma cells bearing BCL6 translocations or activating mutations convincingly demonstrates that the B-cell differentiation program is set up so that, in late-stage GC B cells, autoregulation is capable of completely shutting off BCL6. The timing of this event is intriguing as it coincides with upregulation of differentiation-related BCL6 targets. One possible approach to achieve this dichotomy of target gene regulation is to allow a graded response to the subsiding levels of BCL6 protein based on target gene avidity for BCL6 binding. In support of this notion, we have previously reported that BCL6 autoregulation is operative in many cell types across a wide range of BCL6 concentration (42) . An alternative strategy is to use different corepressors or corepressor combinations. The subcellular localization and transcriptional activities of CtBP are known to be highly regulated at the levels of protein conformation as well as posttranslational modification by a range of stimuli including hypoxia, metabolic changes, and UV-induced DNA damage (5) . It is conceivable that, due to its principle reliance on CtBP, BCL6 autoregulation will follow a distinct course of response compared to its other cellular targets in GC B cells that are exposed to dynamic extracellular and intracellular changes. The fact that CtBP can bind to an acetylated BCL6 protein suggests that when BCL6 acetylation triggers dissociation of MTA3/NuRD leading to activation of Blimp-1 and its associated plasma cell program, the CtBP-dependent BCL6 autoregulation will proceed unperturbed. Finally, insensitivity of autoregulation to BPI also suggests that in lymphoma cells subject to BPI-based therapies, reactivation of the wt BCL6 allele, which could compromise treatment success, is unlikely. Thus, our study not only uncovers new mechanistic insights of BCL6-mediated transcription repression but also has important implications for development of future lymphoma therapies.
